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INTRODUCTION
HE present research activities in VLSI domain regarding shrinking of MOSFET dimension is deviated away from Moore's law, and new concepts of physics has been introduced to replace the existing VLSI-based electronics. By reducing the device size comparable to electron wavelength, spatial confinement along one, two or three dimensions can be achieved in semiconductor hetero structure devices. This may help to physically realize quantum well, wire or dot structures, which have numerous electronic and photonic applications [1] [2] [3] . The region of confinement is coupled to the external world through tunneling barriers which vividly reflects the dominance of the quantum effects in the transport phenomena. Under suitable dimensional configuration and material composition, the discrete eigen states can exhibit resonant tunneling even at low biasing condition. The likelihood that the electron will pass through the barrier is given by the transmission coefficient, and is physically realizable in the device by measuring tunneling current. In quantum well-like structures, this physical insight already generated various novel microscopic applications [4] [5] [6] .
Esaki and Tsu made the pioneering work by proposing semiconductor symmetric double barrier structure [7] where electronic transport proceeds via resonant tunneling mechanism. Later they suggested multiple quantum well structures, leading to superlattices [8] , where a series of energy levels and associated subbands are formed due to the quantization of carriers in the direction of confinement. Computation for transmission coefficient carried out by Chanda [9] , Christodoulides [10] , and later Scandella [11] was without considering the effect of material parameters, which was later realized by Chang [12] Read [13] . They independently studied resonant tunneling probability in semiconductor double barrier structure for different material parameters. Wessel [14] calculated the same for thin barrier considering the GaAs/Al x Ga 1-x As material composition.
Band nonparabolicity is one of the most important feature should be taken into account for computation of electrical parameters of quantum well structures along with conduction band discontinuity and envelope function approximation [15] , as it affects the eigen states, and hence, tunneling current. In 1-D confined structures, displacement of energy levels from band-edge should be considered for tailoring transport properties, and hence first-order non parabolic E-κ relationship plays a vital role in determining transmission coefficient and current density for the device along with incorporation of physical parameters; and relative interdependency of these data should be taken into account for mathematical modeling. Miller [16] investigated the effect of conduction band non parabolicity on eigen energies using Kane's two-band model, Hiroshima [17] considered non parabolicity factor as a function of material parameters of the ultrathin layers. Nelson [18] considered energy-dependent effective mass approach to evaluate NP effect on transmission probabilities, and finite element method was introduced by Dave [19] for more precise estimation.
Computation of transmission coefficient and current density may be analyzed by solving time-independent Schrödinger's equation with proper boundary conditions. Existence of bound and quasi-bound states can be obtained T ISSN 2277-5072 | © 2012 Bonfring from this analysis [20] . Double barrier resonant tunneling structure can be analyzed by several numerical techniques such as Variational Method [21] , Airy's function approach [22] [23] , Finite Element Method (FEM) [24] , Transfer Matrix Technique (TMT) [1] , [4] , [6] , [22] , [25] - [27] , Weighted Potential Method (WPM) [28] . Comparing all these methods, TMT is considered as one of the effective and accurate method by eminent researchers. Resonant tunneling phenomenon for these devices under applied field [1] , [5] , [29] - [30] provides a theoretical estimation about transmission coefficient and tunneling current.
The present paper deals with transmission coefficient, eigen energies and tunneling current characteristics for potentially symmetric double quantum barrier structure. Well and barrier dimensions are independently varied to observe the effects on those electrical parameters, and material parameter of the barrier region is also varied to observe the same. Transfer matrix technique is adopted for numerical analysis. NP effect upto first order for barrier material is considered to increase the accuracy of the calculation, along with the consideration of conduction band discontinuity and effective mass mismatch. This helps to simulate the electrical parameters for close-to-realistic band diagram. Existence of quasi-bound states is verified along with the bound states. GaAs/Al x Ga 1-x As material composition is taken for the analysis. Peak and valley voltages are calculated from current profiles to estimate peak-to-valley ratio, and also to study the geometrical nature of NDR region. Rectangular potential profiles are considered to simplify the mathematical analysis.
II. MATHEMATICAL MODELING
The motion of a single electron moving in one dimension is represented by time-independent Schrödinger's equation (1) For the double barrier structure under consideration as shown in Fig. 1 , we consider the solutions to Schrödinger's equation within each region for electron energy less than barrier potential -
for I 4 <z where κ 1 & κ 2 are defined as:
The positions of interfaces have been labeled I 1 , 1 2 , I 3 and I 4 respectively. Using standard BenDaniel Duke boundary conditions at each interface, and introducing transfer matrix technique,
We assume that there are no further heterojunctions to the right of the structure, so that no further reflections can occur and wave function beyond the structure can only have a traveling wave component moving to the right, i.e. the coefficient L must be zero. Thus equation (4) can be modified as:
So transmission coefficient can be given by-
For calculation of tunneling current through the complex multi barrier hetero structure, Fermi distributions are considered on both the sides which provide the probability that an electron state of certain energy is occupied. Assuming Fermi distributions on the left and right hand sides as f L and f R respectively, tunneling current is proportional to
where D(E) is the density of states function, and T(E) is the probability of tunneling for an electron of energy E. Fermi functions are given by
where E F is the Fermi energy under zero applied field. Electrons in the left hand side of the strucutre considered have an energy which differs from the zero field by an amount -qV.
Density of states for a free electron Fermi gas is given as-
where E C is the energy at the bottom of the conduction band, and Θ(E-E C ) is the Heavyside step function.
E-κ dispersion relationship for barrier material consists the nonparabolicity factor-
where γ is the coefficient of conduction band nonparabolicity, and is a function of material composition and spin-orbit splitting factor, may be written as- Here we consider only first higher-order term of the series. The wave functions are subjected to the variable effective mass condition at different materials where they are constant throughout the defined regions.
III. RESULTS & DISCUSSION
Analysis starts with a simple idealistic double barrier structure where GaAs is surrounded by Al x Ga 1-x As with equal mole fraction of Al on both the sides; i.e., the device can safely be termed as potentially symmetric. It is also considered that barrier potential is solely a function of the material parameters, and effective masses of barrier region and in well region have a mismatch as it depends on mole fraction of Al in barrier regions. Fig. 2 gives the profile of transmission coefficient as function of energy for different well width, when barrier widths of the structure are considered equal and kept constant for the simulation purpose. For that structure, with increasing well width, tunneling probabilities can be estimated at lower energy values. But by increasing barrier width, tunneling probability decreases, as evident from It is quite evident from the figures that the curves contain Dirac δ-functions at certain energies below the potential barrier height, which is absent in single finite quantum barrier profile. The system behaves as transparent at these resonance values. Localized wave functions of these states are nomenclature as quasi-bound states, which are not stationary. With incorporation of band non parabolicity effect, it is observed that eigen state shifts towards higher energy value compared to the value obtained for parabolic band consideration. Simulation is carried out for specified material composition of the higher band gap material. It is observed that in Fig 4, Composition Current is computed as a function of applied voltage for different dimensional variation of the structure. From the simulation, it is observed that current peak is obtained at a lower voltage depending on the dimension of the structure. This is where resonant tunneling takes place. Just as the first peak passes, a negative differential resistance region is occurred. This region shows a downward fall of current, signifies the fact that Fermi level crosses the energy of one of the quasi-bound states in the well. shows the variation of current for the double quantum barrier structure for different well width. Since with increase of well width, confinement decreases; so the first peak of the current appears at lower bias values. From the plot, it is obtained that for 5 nm well width; first peak appears at 0.135 Volt, whereas the same is available for 10 nm and 15nm widths at 0.054 Volt and 0.024 Volt respectively. Also, by increasing well width, more number of peaks appears which is due to the reduction of spacing between subsequent eigenenergies. Another factor may be noted that the origin of NDR and subsequently existence of sharp valley is more prominent for lower well width. For 5 nm well width, difference between peak voltage and valley voltage is 0.051 Volt, whereas for 10 nm width, it reduces to 0.036 Volt; and for 15 nm width, it further reduces to 0.027 Volt. Transmission coefficient, eigen energy and tunneling current for potentially symmetric quantum double barrier structure, and existence of quasi-bound state is verified through the occurrence of peaks in the characteristic curves. Due to the finite width and energy of potential barrier on either side of the potential well, there is a finite probability that a particle can tunnel out the potential well. Thus, we may conclude that the probability of electron tunneling through the proposed structure is finite and measurable. Also the tunneling phenomenon may be characterized by transmission and reflection coefficients, which are associated with the applied flux (equivalent to the energy given to the electrons) and material composition. Obviously it is assumed that the electrons will tunnel through one end, and won't from the other. Peaks of the transmission coefficient profiles show the resonance values. First peak energy if is lower than potential barrier energy, then it should be quite narrow. This suggests that for the particle with energy E o localized by the two potential barriers.
Band nonparabolicity is a critical parameter considering the precision of theoretical result, and hence should be considered when simulation is performed as it deals with more accurate dispersion relation including spin-orbit splitting factor. Comparative result shows that inclusion of Nonparabolicity-factor makes a shift of origin of eigenstates towards higher energy value. Al composition is varied within type-I heterostructure limitation so that structure can be made potentially different.
Current profiles support the existence of quasi-bound states. This, in-turn, speaks in favor of existence of NDR following each peak. Number of peaks is critically dependent on well dimension, as evident from Fig 7, but is totally independent on barrier width, can be verified from Fig 8. Also the sharpness of crossover region between Fermi level and the energy level of quasi-bound state determines the extent of valley region, which ultimately decides the PVR. Finally, it can be stated that incorporation of other complex effects such as many-electron interaction, interface scattering etc. should be considered in constructing a complete picture of resonant tunneling in double barrier resonant structures. This analysis can be further extended to analyze complex one-dimensional confined structures having arbitrary potential profiles.
